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We have shown that hepatocyte growth factor/scatter factor can stimulate activation and early division of adult satellite
cells in culture, and that the action of hepatocyte growth factor/scatter factor is similar to the action of the unidenti®ed
satellite cell activator found in extracts of crushed muscle. We now provide new evidence that hepatocyte growth factor/
scatter factor is present in uninjured adult rat skeletal muscle and that the activating factor in crushed muscle extract is
hepatocyte growth factor/scatter factor. Immunoblots of crushed muscle extract demonstrate the presence of hepatocyte
growth factor/scatter factor. Furthermore, crushed muscle extract stimulates the scattering of cultured MDCK cells. Immu-
nolocalization studies with adult rat skeletal muscle show the presence of hepatocyte growth factor/scatter factor in the
extracellular matrix surrounding muscle ®bers; in addition, the receptor for hepatocyte growth factor/scatter factor, c-met,
is localized to putative satellite cells. In muscle from mdx mice, hepatocyte growth factor/scatter factor and c-met are
colocalized in activated satellite cells in regions of muscle repair. Moreover, the satellite cell-activating activity of crushed
muscle extract is abolished by preincubation with anti-hepatocyte growth factor antibodies. Finally, direct injection of
hepatocyte growth factor/scatter factor into uninjured tibialis anterior muscle of 12-month-old rats stimulated satellite
cell activation. These experiments demonstrate that hepatocyte growth factor/scatter factor is present in muscle, can be
released upon injury, and has the ability to activate quiescent satellite cells in vivo. q 1998 Academic Press
INTRODUCTION (IGFs), platelet-derived growth factor BB (PDGF-BB), trans-
forming growth factor b (TGF-b1 and 2), and epidermal
growth factor (EGF) do not stimulate quiescent cells to enterSkeletal muscle satellite cells are normally found in a
the cell cycle in in vitro assays for activation (Bischoff, 1986;quiescent state in adult muscle, but when minor damage
Johnson and Allen, 1995).or injury occur, signals are generated within the muscle
Using isolated ®bers with their associated quiescent sat-that activate satellite cells and stimulate them to migrate
ellite cells, Bischoff (1986) demonstrated that an extractand to enter the cell cycle. Activated satellite cells have
from lightly crushed muscle tissue contained a factor thatbeen shown to migrate to the site of an injury where they
could stimulate quiescent satellite cells to proliferate. Theproliferate, differentiate, and fuse with the damaged ®ber or
active factor(s) in the crushed muscle extract (CME) hasform new ®bers (reviewed by Bischoff, 1994). These events
not been identi®ed. Chen et al. (1994) demonstrated theoccur locally within muscle which suggests that the extra-
presence of PDGF-BB, transferrin, and FGF2 in crushedcellular signals responsible for triggering activation are par-
muscle extract; however, their activities could not accountacrine or autocrine in nature. Although many growth fac-
for all of the mitogenic activity in the extract. Bischoff'stors have the ability to modulate the proliferative activity
work with this muscle extract (1986, 1990a) indicated thatof satellite cells, factors such as ®broblast growth factors
the active factor was not mitogenic for muscle ®broblasts,(FGFs; Johnson and Allen, 1993), insulin-like growth factors
could be eluted from heparin Sepharose with 1 M NaCl,
and had an apparent molecular mass of approximately 100
kDa, by gel ®ltration. Others have also shown that various1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (602) 621-1396. E-mail: rallen@ag.arizona.edu. muscle extracts can stimulate growth of cultured muscle
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cells (Vandenburg et al., 1984; Mezzogiorno et al., 1993). to stimulate satellite cell migration (Bischoff, 1997) suggest
that it may be an important physiological activator of quies-Although these extracts were not applied to quiescent satel-
lite cells, they provide additional evidence that factors pres- cent satellite cells. The experiments reported herein indi-
cate that HGF/SF is present in uninjured muscle and isent in muscle tissue can stimulate myogenic cell growth.
In previous studies (Johnson and Allen, 1993, 1995) we released into crushed muscle extract and that administra-
tion of exogenous HGF/SF can stimulate satellite cell acti-have used monolayer satellite cell cultures from adult (9-
to 12-month-old) male rats to study activation. In rats of vation in living muscle tissue of adult rats.
this age group, satellite cells are predominantly quiescent
in the tissue at the time of harvest; however, they subse-
quently become activated and enter the cell cycle in a rela- MATERIALS AND METHODS
tively synchronous manner. Most cells divide for the ®rst
time after about 48 h in culture. The pattern of activation Materials
and proliferation in cultures from adult muscle differs from
Cell culture medium, horse serum, and antibiotics were pur-
that observed in cultures from regenerating muscle or mus- chased from Life Technologies (Grand Island, NY). Recombinant
cle from juvenile rats (3 weeks to 3 months of age; Allen human HGF and goat anti-human recombinant HGF (AB-294-NA)
and Rankin, 1990). In muscle from juvenile rats or in regen- were purchased from R&D Systems (Minneapolis, MN). Rabbit
erating muscle, proliferation begins within the ®rst 24 h. anti-c-met antibodies were purchased from Santa Cruz Biotechnol-
ogy (m-met SP260, Santa Cruz, CA), mouse monoclonal anti-BrdUProliferation is observed early because many satellite cells
antibodies were purchased from Boehringer Mannheim (clone BCMin young or regenerating muscle are in the cell cycle and
9318, Indianapolis, IN), and horseradish peroxidase-conjugated rab-have not withdrawn into quiescence. We have postulated
bit anti-goat secondary antibody, horseradish peroxidase-conju-that the protracted lag phase that is observed prior to the
gated rabbit anti-mouse antibodies, and FITC-labeled rabbit anti-®rst division in cultures of adult satellite cells represents
mouse antibodies were purchased from Sigma (St. Louis, MO). Bio-the time required for satellite cells to exit G0 and enter the tinylated anti-rabbit IgG, FITC-conjugated anti-sheep/goat IgG, and
G1 phase of the cell cycle. We have used this system to streptavidin±Texas red were purchased from Amersham Life Sci-
assay factors that can stimulate satellite cell activation by ences (Mississagua, Ontario, Canada). Immunomount was pur-
testing the ability of factors to stimulate precocious entry chased from Lipshaw Immumon (Pittsburgh, PA). ECL detection
into the cell cycle. kit and nitrocellulose membranes were purchased from Amersham
Life Science (Arlington Heights, IL).Thus far, only crushed muscle extract and hepatocyte
growth factor/scatter factor (HGF/SF) have been shown to
have the ability to stimulate adult satellite cells to enter
Crushed Muscle Extractthe cell cycle early (Johnson and Allen, 1993; Allen et al.,
1995). HGF/SF is a large disul®de-linked heterodimer of Crushed muscle extract was prepared according to Chen and
Quinn (1992) by removing leg and thigh muscle from 12-month-approximately 90 kDa that was originally discovered in re-
old male Sprague±Dawley rats. Muscle pieces were crushed withgenerating liver as a factor that could stimulate hepatocyte
forceps and incubated in Tris-buffered saline (TBS; 50 mM Tris,proliferation. It was also discovered in unrelated experi-
0.9% NaCl, pH 7.6) at a concentration of 1 g muscle/ml TBS for 2ments as a factor in conditioned medium that had the abil-
h; extract was ®lter sterilized using a 0.2-mm ®lter for subsequentity to cause dissociation and ``scattering'' of MDCK cells
use in culture experiments or for SDS±PAGE.in culture (reviewed in Rubin et al., 1993). HGF/SF has been
shown to act in a paracrine manner, being synthesized by
mesenchymal cells and acting on epithelial cells. The recep- Satellite Cell Isolation and Culture
tor for HGF/SF is the c-met proto-oncogene, a membrane-
Satellite cells were isolated from 12-month-old male Sprague±bound, disul®de-linked heterodimer with an intracellular
Dawley rats according to Allen et al. (1997). Brie¯y, muscle groupstyrosine kinase domain (Gonzatti-Haces et al., 1988; Gior-
from the hind limb and back were excised, trimmed of fat and
dano et al., 1989). The receptor protein is translated as a connective tissue, hand minced with sterile scissors or coarsely
single polypeptide chain and is later cleaved into a smaller ground with a commercial meat grinder, and digested for 1 h at
extracellular subunit and a larger membrane-spanning sub- 377C with 1.25 mg/ml pronase. Cells were separated from muscle
unit. The kinase domain of the large subunit is autophos- ®ber fragments and tissue debris by differential centrifugation and
plated on polylysine and ®bronectin-coated coverslips in DMEMphorylated on tyrosine residues which activates intracellu-
containing 10% horse serum (DMEM±10% HS), 1% antibioticslar signaling cascades responsible for the mitogenic and mo-
mixture, 0.5% gentamicin. Cultures were maintained in a humidi-togenic properties of HGF/SF (Bottaro et al., 1991; Naldini
®ed atmosphere of 5% CO2 at 377C. For immunoneutralizationet al., 1991).
experiments, goat anti-human recombinant HGF was preincubatedThe ®rst association of HGF/SF with skeletal muscle was
with CME or HGF for 4 h at 47C prior to adding to culture medium.reported by Jennische et al. (1993) who described the pres-
CME, HGF, and/or goat anti-human recombinant HGF were added
ence of HGF message in regenerating muscle. HGF/SF was to culture medium at the time of plating, and medium was replaced
later shown to be responsible for migration of myogenic at 24 h. Cultures were pulse labeled for 2 h with 10 mM 5-bromo-
cells into the limb buds of developing embryos (Bladt et 2-deoxyuridine (BrdU) in DMEM±10% HS from 40 to 42 h, fol-
al., 1995). The mitogenic activity of HGF/SF on cultured lowed by immunocytochemistry for detection of BrdU using a
horseradish peroxidase-conjugated secondary antibody. In addition,satellite cells (Allen et al., 1995) and the ability of HGF/SF
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companion satellite cell cultures were stained for the presence of
desmin at 30 h (Allen et al., 1991) in order to determine the percent-
age of myogenic cells present; cultures with less than 95% desmin-
positive cells were not used.
Immunoblotting
CME samples were subjected to SDS±PAGE on 10% gels under
reducing conditions (Laemmli, 1970). Following electrophoresis
proteins were transferred to nitrocellulose membranes. Membranes
were air-dried and subsequently blocked with 5% powdered milk
in TBS prior to incubation with 1:200 dilution of goat anti-human
recombinant HGF overnight. Horseradish peroxidase-conjugated
rabbit anti-goat secondary antibody was used at a 1:5000 dilution
for 1 h at room temperature. ECL detection was conducted with
Amersham Life Science reagents according to manufacturer's rec-
ommendations.
Scatter Factor Assay
FIG. 1. Immunoblot of HGF/SF in crushed muscle extract (CME).
MDCK cells were seeded on 96-well plates (4 1 103 cells/well) Each lane contains 58 mg of CME: (a) Molecular weight standards,
and were incubated with HGF/SF or various dilutions of CME in (b) Coomassie blue-stained gel of 58 mg CME, (c) ECL detection of
DMEM containing 10% HS for 24 h. The scattering effect was HGF/SF in CME (58 mg protein) with anti-HGF antibody, (d) control
monitored by light microscopy following Giemsa staining, as de- lane with 58 mg CME and without primary antibody to HGF/SF.
scribed by Stoker and Perryman (1985).
Immuno¯uorescence Microscopy ducted by (Mitchell et al., 1996; Lefaucheur and Sebille, 1995).
Tibialis anterior muscles (TA) were injected with 0.5±0.7 ml PBS,
Tibialis anterior muscle (TA) from adult rat (360 g) was collected
with or without growth factor. Muscles were injected with 15 ng
either undamaged or after crush injury (McIntosh et al., 1994) dur-
HGF/muscle, 10 ng FGF2 plus 50 ng IGF-I/muscle, 10 ng HGF
ing euthanasia. In order to examine staining for HGF/SF and c-met
plus 5 ng dextran sulfate/muscle, and the corresponding solutions
in regenerating muscle, TA muscle was also collected from 6-week-
without growth factors. Dextran sulfate had an average molecular
old mdx dystrophic mice either 1 or 4 days after crush injury. Mus-
weight of 8 kDa (Sigma) and was mixed with HGF/SF for 30 min
cles were oriented for cross or longitudinal sections in Tissue Tek
prior to injection. A 26-gauge needle was used to inject solution
OCT compound and frozen in isopentane cooled below 0507C.
into muscle by inserting the needle into the muscle from the proxi-
Sections were cut at 6-mm thickness and stored at 0207C for 1±3
mal and then the distal ends of the muscle parallel to the long axis
days prior to staining.
of the muscle. Muscle weights were estimated based on TA weights
Frozen sections were dried for 1 h at room temperature and
from rats of the same size and age. Satellite cell activation was
blocked in a solution of 10% HS plus 1% BSA in phosphate-buffered
determined by ip injection of 5 mg BrdU/100 g body wt 32 h after
saline for 2 h. Sections were incubated overnight at 47C in primary
growth factor injection. Sixteen hours later rats were sacri®ced,
antisera to HGF (1:1000 dilution in blocking solution) and c-met
and satellite cells were cultured from treated and control muscles.
(1:400 dilution). After rinsing for 1 h in PBS, sections were incu-
After 30 h in culture, the percentage of satellite cells that had
bated for 2 h at room temperature in a mixture of biotinylated anti-
incorporated BrdU in vivo, prior to sacri®ce, was determined by
rabbit IgG and FITC-conjugated anti-sheep/goat IgG, both diluted
immunolocalization. This culture assay was used to study in vivo
1:200 in blocking solution. Sections were rinsed and incubated for
activation for two reasons: (1) relatively pure cultures of satellite
30 min in streptavidin±Texas red (1:250) diluted in blocking solu-
cells were obtained, as veri®ed by desmin localization, and (2) local
tion, rinsed, ®xed in cold methanol for 20 min, rehydrated, and
effects due to injection site damage can be averaged over the entire
mounted in Immumount.
TA satellite cell population.
Sections were viewed and photographed on an Olympus BHT-2
microscope equipped with epi¯uorescence and phase-contrast op-
tics, and Fujichrome Sensia color ®lm, ASA 400. Phase contrast
RESULTSwas used to locate regions of damaged and regenerating myo®bers
and to distinguish vascular, nerve, and connective tissues from
muscle. Crushed muscle extract (CME) and HGF/SF have been
shown to activate quiescent satellite cells in monolayer
cultures (Johnson and Allen, 1993; Allen et al., 1995). To
Satellite Cell Activation in Vivo determine if HGF/SF is present in CME, CME was subjected
to SDS±PAGE and immunoblot analysis (Fig. 1). In thisThe effects of HGF or FGF2 plus IGF-I on activation of satellite
complex mixture of crude extract, immunoreactive proteinscells in adult (12-month-old), noninjured tibialis anterior muscle
were detected which migrated with apparent molecularwere determined by direct growth factor injection and BrdU incor-
poration into satellite cells in experiments similar to those con- masses of approximately 90 and 60 kDa. These two bands
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FIG. 2. Distribution of MDCK cells in wells without (A, C) or with 20 ng/mg HGF/SF (B), and a 1:8 dilution of CME (D). Bars in A and
B, 100 mm; bars in C and D, 50 mm.
correspond to the uncleaved HGF/SF precursor protein and was examined in frozen sections of normal adult rat TA
muscle, rat TA crushed during euthanasia, and mdx mousethe a-chain of the cleaved and active form of the disul®de-
linked heterodimeric growth factor, respectively. Lower- TA regenerating 1 and 4 days after crush injury. Using im-
muno¯uorescence microscopy (Fig. 3), HGF/SF was local-molecular-weight bands were also visible, including a band
at approximately 30 kDa. Subsequent experiments indi- ized around the periphery of myo®bers, as if it were seques-
tered in the extracellular matrix. Smaller ®bers, possiblycated that the 30-kDa band is not the b-chain of HGF but
is probably a degradation product of the a-chain (data not type I, appeared to have higher amounts of peripheral HGF/
SF staining compared to larger, putative type II ®bers (Fig.shown).
The ability of CME to cause scattering of MDCK cells is 3a). This location is consistent with the heparin-binding
properties of HGF/SF. Negative control sections typicallyshown in Fig. 2. Cultured MDCK cells were treated with 20
ng/ml HGF/SF or a 1:8 dilution of CME in DMEM±10% had very low background staining for HGF/SF (Fig. 3b) or
c-met (Fig. 3c). Fiber-associated cells that were positive forHS for 24 h. In control cultures (Figs. 2A and 2C), cell±cell
associations were maintained, in contrast to cultures exposed c-met were also seen in the sections. In uncrushed adult rat
TA, c-met-positive cells were elongated and were locatedto HGF/SF (Fig. 2B) or CME (Fig. 2D). In response to HGF/
SF or CME, the islands of associated MDCK cells were more in a characteristic satellite cell position in a depression on
the edge of ®bers, identi®ed using phase contrast (Figs. 3d±spread out, and there was a higher proportion of free cells than
in control cultures. This ``scattering'' activity is a de®ning 3h). Fiber-associated cells that are c-met-positive were pre-
viously shown to be satellite cells (Cornelison and Wold,characteristic of HGF/SF (Stoker and Perryman, 1985; Stoker
et al., 1987), and therefore, these experiments provide further 1997). On rat TA crushed during euthanasia, approximately
15% of the c-met-positive cells were round rather than elon-evidence that active HGF/SF is present in CME.
The tissue distribution of HGF/SF and its receptor, c-met, gated (Figs. 3i and 3j).
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FIG. 3. Immuno¯uorescence localization of HGF/SF and c-met receptor in normal muscle tissue. a±j show immunostaining for HGF/
SF (a, b) and c-met receptor (c, d, g, i), and phase-contrast micrographs from normal adult rat TA muscle (a±h) and adult rat TA crushed
at the time of euthanasia (i, j). (a) HGF/SF is localized around the periphery of three small ®bers in a small cluster in the TA. Two larger
®bers (asterisks) above and below the small cluster are stained much less intensely. (b and c) With omission of primary antibodies to
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The mdx mouse TA muscles were examined at 6 weeks ¯uorescence, respectively, in ®elds of muscle (Fig. 6). In
intact undamaged rat TA, a long slender satellite cell isof age after 1 day (Figs. 4a±4c) or 4 days of regeneration
(Figs. 4d±4i) following crush injury. The mdx TA has accu- visualized green (c-met) just outside a myo®ber with intense
red staining (HGF/SF) near the sarcolemma (Fig. 6a). Themulated regeneration and ongoing focal damage (e.g., An-
derson et al., 1994) which results in the presence of acti- satellite cell nucleus is unstained and is clearly visible in
the quiescent satellite cell. In another cross section of un-vated satellite myoblasts in the interstitium (Pernitsky et
al., 1996) and a larger regenerative response after an imposed damaged rat TA, a number of small green satellite cells are
embedded in shallow depressions at the edge of a ®ber withinjury than normal control muscle from the same strain
(McIntosh et al., 1994; McIntosh and Anderson, 1995; Za- red peripheral staining (Fig. 6b). In mdx TA muscle 1 day
after injury, an elongated cell outside a ®ber is shown incharias and Anderson 1991). For orientation to tissue struc-
ture, the same ®elds photographed for ¯uorescence at high yellow, due to the colocalized green and red ¯uorescence
in that cell indicating the presence of both HGF/SF and c-magni®cation under oil immersion (Fig. 4) are also shown
at lower magni®cation using phase-contrast optics in Figs. met (Fig. 6c). The ®eld in Fig. 6c is distant from the region
of regeneration directly induced by the crush injury and is5a±5c. One day postcrush, many of the mononucleated cells
around necrotic ®bers were intensely stained for both HGF/ not necrotic.
The presence of HGF/SF in CME and in muscle tissueSF and c-met (Figs. 4a±4c). In typical ®elds of early repair,
most cells that were positive for HGF/SF were also positive does not necessarily prove that it is responsible for the satel-
lite cell activation produced by CME. To test this possibil-for c-met, although there were cells that were HGF/SF posi-
tive but c-met negative. Satellite cells are not the only mo- ity, anti-HGF antibodies were used in an attempt to neutral-
ize the activating activity of CME. Figure 7 describes experi-nonucleated cells present in regenerating muscle, and it is
possible that the HGF/SF-positive/c-met-negative cells are ments in which adult satellite cells were used to assay
activation as in Allen et al. (1995). Using human recombi-not myogenic cells. Alternatively, these cells may be myo-
genic cells that are approaching differentiation and down- nant HGF, optimal time of labeling with BrdU was deter-
mined to be 42 h (Fig. 7a), and a CME concentration of 0.125regulating expression of c-met earlier than HGF/SF (see be-
low). In damaged muscle, the HGF/SF staining was absent mg/ml was selected based on the dose±response curve in
Fig. 7b. The activity of 0.125 mg CME/ml was comparablefrom the periphery of surviving or necrotic ®bers (Fig. 4a).
Four days postinjury, mononucleated cells were often to that of 10 ng HGF/ml; in previous experiments (Allen et
al., 1995), 10 ng HGF/ml was near the plateau of the dose±aligned longitudinally in the regenerating region of the TA;
two are indicated by dashed lines in Figs. 4f and 5b. The response curve for satellite cell activation. In activation
assays the baseline percentage of activated satellite cells incytoplasm of these cells was elongated and intensely stained
for HGF/SF (Fig. 4d). Staining for c-met was lower than in control experiments is always signi®cantly higher than the
theoretical 0% that would be predicted for quiescent satel-more rounded myoblasts seen near necrotic ®bers at 1 day
after injury (compare Fig. 4e with 4b, stained in the same lite cells from normal adult muscle. The high baseline level
probably represents cells that were activated by endogenousexperiment). In regions of more advanced regeneration,
small myotubes had formed from fused myoblasts. Those HGF during the isolation procedure which involves diges-
tion of the extracellualr matrix by proteolysis. In Bischoff'smyotubes showed only moderate staining for HGF/SF (Fig.
4g), and very low or no staining for c-met was present (Fig. early work with CME (1990a), he demonstrated that quies-
cent satellite cells only needed to be exposed transiently to4h). These observations show that in undamaged and intact
muscles, HGF/SF is restricted to the ®ber periphery, and c- the active agent for a matter of hours, after which the CME
could be removed and activation would proceed in the ab-met is restricted to cells in the satellite position (e.g., Fig.
3a, HGF/SF, and Fig. 3d, c-met). By contrast, in regenerating sence of CME. In control experiments (Fig. 7c) the effects
of anti-HGF (3.5 mg/ml) on the ability of HGF to activatemuscle 1 day after injury (Figs. 4d and 4e), the HGF/SF
epitope is colocalized in the cytoplasm of activated satellite satellite cells was examined. In the absence of HGF, anti-
HGF antibodies alone did not affect BrdU incorporation,cells together with c-met receptor protein. As satellite myo-
blasts that are positive for both c-met and HGF/SF begin to but the ability of HGF (10 ng/ml) to stimulate activation
was inhibited by the antibodies. Increasing concentrationselongate and fuse into myotubes, the relative levels of each
epitope decreases (Figs. 4g and 4h). of HGF were able to titrate out the inhibitory activity of
anti-HGF such that 40 ng HGF/ml produced approximatelyThe colocalization of c-met receptor and HGF/SF proteins
is best shown by double exposures of FITC and Texas red the same cellular response (BrdU incorporation) as 10 ng
HGF/SF (b) or c-met receptor (c), the background staining was very low. (d) A triangular cell (arrow) juxtaposed to an unstained ®ber is
immunostained for c-met receptor, and is clearly outside the ®ber when viewed by phase contrast at the same magni®cation (e). (f) A low
magni®cation phase-contrast micrograph shows the same cell for orientation. (g) The cytoplasm of an elongated satellite cell is positive
for c-met, while the nucleus (arrow) is not. (h) The same cell and nucleus (arrow) as in g are observed at the edge of a myo®ber in the
intact muscle. (i) After crush, a rounded cell is stained for c-met receptor and is located in the plane of focus of the section (j) at the edge
of a myo®ber. Bar, 10 mm (except f, where bar indicates 25 mm).
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FIG. 5. Phase-contrast images at low magni®cation of the same ®elds identi®ed in Fig. 4. (a) A necrotic ®ber (nf, bottom right) in mdx
muscle is shown. The arrow indicates the same cell as the arrow in Figs. 4a±4c. (b) The ®eld in Figs. 4d±4f is shown at lower magni®cation,
and the same myo®ber (mf) is indicated. The same two elongated myoblasts (arrows) are outlined by dashed lines as shown in Fig. 4f. (c)
The ®eld in Figs. 4g±4i is shown; the same myo®ber segment (mf) and newly formed multinucleated myotube (arrow, outlined by dashed
line) are indicated. Bar, 25 mm.
HGF/ml in the absence of antibody. In addition, the same The previously described experiments indicate that HGF
is present in uninjured and injured muscle and that culturedconcentration of control antibody (a neutral goat anti-rabbit
antiserum) had no effect on BrdU incorporation in cultures satellite cells are responsive to HGF. The critical question,
however, is whether HGF can activate satellite cells in liv-treated with 10 ng HGF/ml which indicates that there was
no nonspeci®c inhibitory effect of antibody on satellite cell ing adult muscle tissue. This is an important question be-
cause, like HGF, FGFs have been shown to be present inactivation.
The effect of increasing anti-HGF concentration on BrdU muscle tissue (Kardami et al., 1990), and cultured satellite
cells also proliferate in response to FGF (Allen et al., 1984).incorporation in the presence of 0.125 mg CME/ml is shown
in Fig. 7d. With increasing anti-HGF concentration, the But, experiments in which FGF has been directly adminis-
tered to injured postnatal muscle have failed to consistentlyBrdU labeling index was reduced from almost 60% down
to a level comparable to the control cultures which received demonstrate satellite cell proliferation, even in mdx mouse
muscle, which is particularly sensitive to FGF and under-no CME. These results indicate that HGF/SF is the factor
responsible for the activating activity in CME in this satel- goes repeated cycles of injury and repair (Mitchell et al.,
1996; Lefaucheur and Sebille, 1995).lite cell activation assay. CME is a complex mixture of
molecules, and other factors in CME may modulate the Experiments were conducted to examine the ability of
HGF to activate satellite cells in vivo (Fig. 8). One leg ofeffects of HGF. If other factors are present, however, they
are not suf®cient to activate satellite cells in the absence each rat received growth factor while the contralateral leg
served as the control. After 32 h, rats received ip injectionsof HGF.
FIG. 4. Micrographs of mdx muscle in an area of degeneration (a±c) and 4 days after crush injury (d±i) after double immunostaining for
HGF/SF (a, d, g) and c-met (b, e, h) and viewed under phase contrast (c, f, i). Many cells (e.g., one at arrow) show colocalized staining for
HGF/SF and c-met receptor (a, b) near a necrotic ®ber (nf, dashed outline). One elongated cell is also outlined, and contains an unstained
nucleus (n). (d) After 4 days regeneration, more elongated myoblasts are present and contain intense staining for HGF/SF (d) and less
intense localization of c-met receptor (e) than in b. (f) Two elongated myoblasts outlined with dashed lines as matched by cells in e. Note
that their nuclei (n) are not stained for either HGF/SF or c-met receptor, and that the nearby ®ber segment (mf), indicated by the dashed
lines, is also negative for both epitopes. (g) In an early multinucleated myotube, HGF/SF staining is weak, and immunostaining for c-met
receptor (h) is also very low in the regenerating tissue four days after injury. Myotube nuclei (n) are not stained. (i) Phase contrast of the
same ®eld as g and h shows the partly outlined myotube (arrow) and a myo®ber segment (mf). Bar, 10 mm.
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of BrdU. Sixteen hours later, rats were sacri®ced, and satel- We have referred to the stimulation of quiescent satellite
cells and the events that lead them out of quiescence andlite cell cultures were prepared from the entirety of each
TA muscle. After 30 h in growth medium, cultures were into the G1 phase of the cell cycle as activation. In satellite
cells, activation and proliferation appear to be separate but®xed, and BrdU was localized by immuno¯uorescence.
Cells that had incorporated BrdU following the injection, sequential events. Freshly isolated quiescent satellite cells
from nongrowing adult muscle do not express several pro-16 h prior to sacri®ce, were detected, and the percentage
of labeled cells in the total satellite cell population was teins that are expressed in proliferating satellite cells, and
quiescent satellite cells are not responsive to many of thedetermined. Therefore, the labeling index for BrdU re¯ects
the fraction of the population that was actively dividing in growth factors that can modulate the proliferation or differ-
entiation of proliferating cells (Allen et al., 1997). Examplesvivo at the time of BrdU injection and gives an indication
of the effect of the growth factor treatment in living tissue. of protein expression and growth factor responsiveness that
are found in proliferating satellite cells but not in quiescentThree treatments and their respective controls were im-
posed: (1) PBS { 15 ng HGF, (2) PBS { 10 ng FGF2 and 50 satellite cells are: the bHLH myogenic regulatory factors
(Smith et al., 1994; Yablonka-Reuveni and Rivera, 1994),ng IGF-I, and (3) PBS / 5 ng dextran sulfate { 10 ng HGF.
Results from 4, 6, and 7 individual experiments with each high af®nity speci®c binding sites for FGF2 (Johnson and
Allen, 1995), and mitogenic responses to FGFs, PDGF-BB,treatment, respectively, are reported in Fig. 8. Percentages
of desmin-positive cells were comparable for each treat- EGF, or IGFs (Johnson and Allen, 1993, 1995). Therefore,
a central theme in satellite cell quiescence is the down-ment and were greater than 90%. In general, very little satel-
lite cell activation was observed in response to PBS alone or regulation of many systems including the communication
systems that mediate the actions of a variety of growthwith a combination of IGF-I and FGF2, a potent mitogenic
combination for cultured satellite cells. HGF treatment factors. This concept is consistent with the observations
that many growth factors are constantly present in the satel-stimulated over twice as much BrdU labeling in vivo than
PBS or FGF2 / IGF-I. In one set of experiments, dextran lite cell environment, although quiescent cells are refrac-
tory to them. Because quiescent satellite cells are thoughtsulfate was used to protect HGF/SF (Roos et al., 1995) and
to reduce binding to extracellular matrix, thereby increasing to be activated by external factors, it is clear that at least
one or a limited number of ligand±receptor signaling sys-its availability. Addition of dextran sulfate increased satel-
lite cell activation in response to HGF, but it also increased tems must be maintained during quiescence. The ®rst can-
didate growth factor±receptor pair identi®ed was HGF/SFbaseline activation signi®cantly, possibly due to competi-
tion with extracellular matrix for endogenous HGF. These and c-met, based on the activating activity of HGF/SF and
the presence of c-met message in freshly isolated quiescentresults demonstrate that HGF not only stimulates in vitro
satellite cell activation, but also stimulates satellite cell satellite cells (Allen et al., 1995). This contrasts with the
FGF receptor system in which receptors were not detectableactivation and DNA synthesis in uninjured adult muscle
in vivo. in binding assays until shortly before satellite cells divided
for the ®rst time, and satellite cells did not become respon-
sive to FGF2 until shortly before the ®rst division (Johnson
and Allen, 1995). Recent experiments by Gal-Levy and Ha-DISCUSSION
levy (submitted) show similar results with quiescent
chicken satellite cells in that HGF/SF stimulated activa-Satellite cells function in several physiological situations,
and therefore, might be expected to be responsive to several tion, but neither IGF-I nor FGF2 was effective.
The similarities between the properties of the satelliteextracellular signals or combinations of signals. In vitro
studies have documented many factors, primarily protein cell-activating activity in CME, as reported by Bischoff
(1986), and the characteristics of HGF/SF led to the hypothe-growth factors, that can modulate satellite cell activity
(Bischoff, 1994). These factors either stimulate or inhibit sis that HGF/SF might be present in CME and responsible
for its unique satellite cell activation properties. Resultsproliferation and differentiation. Proliferation and differen-
tiation, however, are not the only physiological activities reported herein indicate that HGF/SF is present in extracts
of crushed muscle and is responsible for the ability of CMEof satellite cells. In adult animals that are not increasing in
muscle mass or not undergoing muscle repair, satellite cells to stimulate the precocious entry of adult quiescent satellite
cells into the cell cycle in primary cultures.are quiescent, and in the quiescent state, satellite cells de-
crease in size and metabolic activity to the point that only Immunolocalization results demonstrate that HGF/SF is
found in association with uninjured muscle ®bers, and itsa thin layer of organelle-poor cytoplasm surrounds a hetero-
chromatic nucleus (Schultz et al., 1978). presence in muscle is not due to residual blood in the tissue
FIG. 6. Colocalization of c-met receptor and HGF/SF. (a) The distinct staining for c-met in a quiescent satellite cell (green) which lies
adjacent to a myo®ber stained for HGF/SF (red) in intact rat muscle. (b) A cross section of uninjured rat TA where a ®ber is surrounded
by many green satellite cell pro®les embedded in the red ®ber pro®le. (c) A section of mdx muscle where a myoblast is present between
myo®bers. The colocalized c-met and HGF/SF proteins are indicated by the yellow color (green plus red respectively). Bar, 10 mm.
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FIG. 7. Immunoneutralization of crushed muscle extract (CME) activity by antibodies to HGF/SF. The time course of BrdU incorporation
in cultured satellite cells in the presence and absence of 10 ng HGF/ml was established by pulse labeling cells for 2 h at designated intervals
with BrdU followed by immunolocalization (a). The dose±response relationship between CME concentration and BrdU labeling in cultured
satellite cell was subsequently evaluated at 42 h (b). The ability anti-HGF antibodies (3.5 mg/ml) to inhibit HGF/SF activity in the satellite
cell activation assay was evaluated by pulse-labeling cells from 40 to 42 h in culture; treatments included controls without HGF/SF or
antibody, HGF treatment, HGF plus anti-HGF, anti-HGF alone, and HGF plus a neutral goat anti-rabbit antibody (c). The effect of anti-HGF
on the ability of 0.125 mg/ml CME to stimulate BrdU incorporation into cultured adult satellite cells at 42 h was evaluated (d). Increasing
concentrations of anti-HGF decreased CME activity down to levels of incorporation found in control cultures that did not receive CME.
or nonmuscle cells that invade damaged muscle such as extracellular matrix which is consistent with the heparin-
binding properties of the growth factor. Therefore, HGF/SFmonocytes and macrophages. The localization of HGF/SF
around the outside of ®bers suggests that it is bound in the joins the FGFs, and probably other growth factors, in this
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tion of c-met protein on putative satellite cells in frozen
sections of muscle. We have chosen to work with uninjured
adult muscle in order to ensure that the vast majority of
satellite cells are quiescent; therefore, the presence of c-met
in satellite cells in this tissue adds strength to the argument
that the HGF/c-met-signaling system is present in quies-
cent satellite cells.
The mdx mouse muscle continuously undergoes damage
and repair; based on the results of the immunolocalization
studies presented, it appears that HGF/SF and its receptor,
c-met, are both present during regeneration. Jennische et
al. (1993) had previously demonstrated the presence of HGF
mRNA in regenerating rat muscle. The simultaneous ex-
pression of receptor and ligand in the same cell, however,
has only recently been reported in cultured myogenic cells
(Anastasi et al., 1997). This is particularly signi®cant for
HGF/SF because it has most frequently been described as a
paracrine growth factor that is made in mesenchymal cells
and acts on epithelial cells (Rubin et al., 1993). The colocal-
ization of c-met and HGF/SF in activated satellite cells in
regenerating muscle suggests that HGF/SF may be acting in
an autocrine manner during muscle repair. The observation
that only c-met appears to be present in quiescent satellite
FIG. 8. Activation of satellite cells in vivo. Tibialis anterior mus- cells indicates that an important initial activating signal
cles from 12-month-old rats were treated by injecting one TA mus-
must come from exogenous sources. We hypothesize thatcle with growth factor treatment solution and the other with the
one such extracellular signal may be HGF/SF that is seques-corresponding control solution. Treatments were: (1) PBS { 15 ng
tered in the extracellular matrix surrounding muscle ®bers.HGF, (2) PBS { 10 ng FGF2 and 50 ng IGF-I, (3) PBS / 5 ng dextran
The activation of satellite cells by exogenous HGF/SF thatsulfate{ 10 ng HGF. Thirty-two hours after muscle injection, BrdU
was injected, ip, and 16 h later satellite cells were harvested. Cells is released from the matrix may then stimulate endogenous
were grown in culture for 30 h before being prepared for BrdU synthesis of HGF/SF which could continue to stimulate
localization and assessment of the percentage of satellite cells that satellite cell proliferation. The overall pattern of HGF/SF
had been labeled in vivo. Bars represent the means with standard and c-met disappearance in regenerating muscle (similar to
errors for each treatment group; the number of rats used for each previous report by Jennische et al., 1993) suggests that ex-
treatment is indicated above each set of treatments with their re- pression is depressed after satellite myoblasts differentiate
spective controls.
into myotubes. The time course of disappearance is rela-
tively short, between 1 and 4 days postinjury, and correlates
with the rapid activation and proliferation of satellite cells.
With respect to HGF/SF expression in regenerating musclecompartment in muscle tissue (Kardami et al., 1990; Tai-
pale and Keski-Oja, 1997). The physiological explanation it is interesting to note that c-met and HGF/SF are also
expressed in developing neurons and nerve growth cones infor the differential distribution of HGF/SF between large
and small diameter ®bers is not clear. If the small ®bers the brain (Jung et al., 1994). Therefore, it is possible that
HGF/SF synthesized by activated satellite cells may play athat appear to have larger concentrations of HGF/SF are
type I ®bers, then the concentration of HGF/SF would cor- role in nerve±muscle interactions during reinnervation of
muscle during myo®ber regeneration.relate with nuclear density within the ®ber and the higher
satellite cell percentage that has been associated with type Others have attempted to demonstrate that administra-
tion of exogenous growth factors directly into musclesI ®bers (Kelly, 1978). It has also been shown that type I
®bers and slow muscles regenerate more effectively (Ander- can stimulate satellite cell division; these experiments
have given inconsistent results. In regenerating mdxson et al., 1987, 1988) and that slow muscles also contain
higher concentrations of bFGF than fast muscles (Anderson mouse muscle, Lefaucheur and Sebille (1995a) found an
enhancement of regeneration in response to exogenouset al., 1991).
These immunolocalization studies also con®rm our ear- FGF2 injection and attributed it to increased satellite cell
activity. In contrast, Mitchell et al. (1996) found no stimu-lier RT±PCR observations which suggested that the c-met
receptor is present on quiescent satellite cells (Allen et al., lation of regeneration following FGF2 administration in
any of three muscle-injury models: crush, mdx, or dener-1995) and serves to keep them responsive to HGF/SF. The
presence of c-met protein on muscle ®ber-associated cells vation. FGF was administered by direct injection or by
slow release from implanted polymers. Evidence thatthat are under the basement membrane is in agreement
with a similar report by Cornelison and Wold (1997), show- FGF2, IGF-I, and TGFb are actively regulating satellite
cell activity during regeneration was provided by Lef-ing message for c-met in satellite cells and immunolocaliza-
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aucheur and Sebille (1995b) in experiments in which anti- phosphorylated and generate intracellular signals. There-
fore, the presentation of active HGF/SF to the receptor bybodies to these growth factors were injected in regenerat-
ing muscle. Satellite cell proliferation and differentiation matrix proteoglycans at the appropriate time or under the
appropriate conditions is likely to be an important pointwere depressed by antibodies to FGF2 and IGF-I but were
enhanced by the presence of anti-TGFb. In the present of regulation.
Finally, the elegant experiments of Bischoff (1990b) indi-experiments, HGF stimulated satellite cell activation in
adult, uninjured muscle. This is signi®cant because un- cated that the living ®ber exerts a negative regulatory in-
¯uence on satellite cell activation. The signals are un-like all of the other reports of growth factor injection into
muscle, the majority of satellite cells in adult TA muscles known, but the interaction of HGF/SF with this inhibitory
signaling system is likely to play a key role in the regula-are quiescent. This is not likely to be the case in muscles
from young growing animals or in injured muscle. In cul- tion of satellite cell activation. In order for satellite cells
to respond in a variety of physiological circumstances,tured rat satellite cells from adult muscle, neither FGF2
nor IGF-I or a combination of the two could activate qui- including normal muscle growth, work-induced hypertro-
phy, and muscle injury, it seems reasonable to predict thatescent satellite cells, although the combination of the two
provided the greatest mitogenic activity of all growth fac- there may be several points of regulation and that several
extracellular factors may interact to regulate satellite celltors examined when added to actively proliferating satel-
lite cells (excluding HGF/SF; Allen and Rankin, 1990). function. The present experiments strongly suggest that
HGF/SF is an important extracellular modulator of satel-This is precisely the result found in vivo; in our experi-
ments, the combination of FGF2 and IGF-I did not stimu- lite cell activity.
late signi®cant activation. Consequently, the injection
experiments validate the culture results by showing that
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